ABSTRACT Transitions between conformational substates of membrane proteins can be driven by torsional librations in the protein that may be coupled to librational fluctuations of the lipid chains. Here, librational motion of spin-labeled lipid chains in membranous Na,K-ATPase is investigated by spin-echo electron paramagnetic resonance. Lipids at the protein interface are targeted by using negatively charged spin-labeled fatty acids that display selectivity of interaction with the Na,K-ATPase. Echo-detected electron paramagnetic resonance spectra from native membranes are corrected for the contribution from the bilayer regions of the membrane by using spectra from dispersions of the extracted membrane lipids. Lipid librations at the protein interface have a flat profile with chain position, whereas librational fluctuations of the bilayer lipids increase pronouncedly from C-9 onward, then flatten off toward the terminal methyl end of the chains. This difference is accounted for by increased torsional amplitude at the chain ends in bilayers, while the amplitude remains restricted throughout the chain at the protein interface with a limited lengthening in correlation time. The temperature dependence of chain librations at the protein interface strongly resembles that of the spin-labeled protein side chains, suggesting solvent-mediated transitions in the protein are driven by fluctuations in the lipid environment.
INTRODUCTION
The function of integral membrane proteins, both transport systems and enzymes, depends on the surrounding lipid. The transmembrane sectors of the protein are interfaced with the lipid bilayer environment via a first shell of lipids with properties distinct from those of the bulk (1, 2) . Whereas the nanosecond rotational and conformational dynamics of the lipid chains interacting with transmembrane proteins are reasonably well studied (e.g., Marsh and Horváth (3)), little is known about their rapid librational motions such as are characterized for bilayer lipids by using pulse electron paramagnetic resonance (EPR) (4) (5) (6) (7) . It is worthwhile to note that these equilibrium librational fluctuations, which persist to lower temperatures, are able to drive functionally important motions (i.e., on-pathway conformational transitions) at physiological temperatures, as embodied by the fluctuation-dissipation theorem (8, 9) .
Here, we exploit the selectivity of interaction of ionized fatty acids with the Na,K-ATPase (10, 11) to study librational chain dynamics at the lipid-protein interface in membranes with spin-echo EPR. Recently, such a strategy was used successfully to isolate the water penetration profile at the protein-lipid interface (12) . The relaxation rates that are deduced here from the anisotropic decays of echodetected spectra are determined by the product, ha 2 it c , of the mean-square librational amplitude, ha 2 i, and the librational correlation time, t c , of the spin-labeled lipid chains.
The mean-square amplitude of the libration is obtained from the hyperfine anisotropy in the conventional spin-label EPR spectra. Combining this with the pulse-EPR data then gives the librational correlation time. Previously, we used similar spin-echo methods to characterize librational motions of the protein side chains (13) . Therefore, we also seek to correlate these findings with the librational properties of the lipid environment. The librational characteristics of lipid chains at the protein interface differ significantly from those in the bilayer regions of the membrane. These librational motions of the interfacial lipid most likely couple to those that we detect in the protein and are responsible for driving transitions between on-pathway conformational substates (13, 14) .
MATERIALS AND METHODS

Materials
Stearic acids spin-labeled at the C-n position of the chain, n-SASL (n-(4,4-dimethyloxazolidine-N-oxyl) stearic acid), were synthesized as described in Marsh (15) and Marsh and Watts (16) .
Membrane lipids were extracted with CHCl 3 /MeOH (2:1 v/v) as described in Bligh and Dyer (20) .
Spin-labeling of Na,K-ATPase membranes
Before addition of the spin-labeled lipids, the Na,K-ATPase membranes were pelleted by centrifugation at 220,000 g for 60 min at 10 C. Pellets were taken up in a buffer containing 10 mM Tris and 1 mM CDTA at pH 8.9. Membranes were spin-labeled by addition of 5 mL of concentrated n-SASL solution in EtOH to 0.5 mL of membrane suspension (10 mg protein/mL) giving spin-label/protein ratios (w/w) of 1:100 or 1:50. After incubation for 150 min at 14 C, the membranes were pelleted by centrifugation at 220,000 g for 60 min at 14 C. The pellets were then transferred to 3-mm quartz EPR tubes and stored at À18 C.
Spin-labeling of extracted lipid membranes
Extracted lipids in CHCl 3 /MeOH (2:1 v/v) were codissolved with 0.5 mol % of n-SASL in chloroform. The solvent was evaporated by placing the sample first in a stream of dry nitrogen and then under vacuum overnight. The dried lipids were finally dispersed at a concentration of 1 mg/mL in buffer at pH 9 (or in the same buffer as used for the Na,K-ATPase membrane preparation) by periodically vortexing and mixing at 45 C. The hydrated lipid bilayers were transferred to a standard 3-mm quartz EPR tube, concentrated by pelleting in a benchtop centrifuge and stored at À18 C until use.
EPR spectroscopy
Pulse-EPR data were collected on an ELEXSYS E580 9-GHz Fourier transform FT-EPR spectrometer (Bruker, Karlsruhe, Germany) equipped with a MD5 dielectric resonator and a CF 935P cryostat (Oxford Instruments, Abingdon, Oxfordshire, UK). Partially relaxed two-pulse (p/2-t-p-t-echo) echo-detected EPR spectra were obtained by recording the integrated spin-echo signal at fixed interpulse delay t, while sweeping the magnetic field, B. The window for the integration was 160 ns. The microwave pulse widths were 32 and 64 ns, with the microwave power adjusted to provide p/2 and p-pulses, respectively. The original echo-detected (ED) spectra, ED T (2t,B), were corrected for instantaneous spin diffusion by normalizing with respect to those recorded at 77 K, where no molecular motion is expected. The corrected spectra, ED T 
where t 0 is the shortest value of t for which ED-spectra were obtained. Relaxation rates, W(B,t 1 ,t 2 ), were determined from the ratio of corrected ED-spectra recorded at two different values, t 1 and t 2 , of the interpulse delay by using the relation (5)
where ED(2t,B) is the ED-spectral line height at field position B. These relaxation rates are averaged over the time interval from t 1 to t 2 , and are characterized by the maximum values, W L and W H , determined in the low-and high-field regions, respectively, of the ED-spectra. Calibration of the W L and W H relaxation rates in terms of the amplitude-correlation time product, ha 2 it c , of rotational motion from low-amplitude librations is taken from the results of spectral simulations (5, 6, 21) . Here, a is the angular amplitude, t c is the correlation time, and angular brackets indicate an average over the librational motion.
The intrinsic ED-spectrum of the lipid-protein interface, ED b (2t,B), is obtained from the experimental ED-spectra of native membranes and extracted lipids, ED m (2t,B) and ED f (2t,B), respectively. The spectrum from the membrane is the weighted average of those from the bilayer regions of the membrane and the protein interface, i.e.,
where f b is the fraction of lipids at the protein interface, and the spectrum from the lipid-protein interface is, therefore,
where f b is obtained from spectral subtractions with the conventional EPR spectra (22) . Conventional continuous-wave (CW) EPR spectra were recorded on an ESP-300 9-GHz spectrometer (Bruker, Karlsruhe, Germany) using 100-kHz field modulation; the spectrometer was equipped with an ER 4111VT temperature controller (Bruker). Fig. 1 shows the partially relaxed two-pulse, ED EPR spectra of positional isomers of spin-labeled stearic acid, n-SASL, in native Na,K-ATPase membranes (left-hand side) and in bilayers of the extracted membrane lipids (right-hand side). The spectra are recorded at 180 K and are given for increasing values of the echo delay time t. The dependence of the corrected ED-lineshapes on the t-delay reveals preferential relaxation in the intermediate spectral regions at low and high fields, which is characteristic of rapid, small-amplitude torsional librations (23, 24) . The corresponding relaxation spectra, as defined by Eq. 2, were evaluated for pairs of delay times, t 1 and t 2 . W-relaxation spectra evaluated for different pairs of t 1 and t 2 coincide to within the noise level, showing that the relaxation is close to exponential. This is consistent with the socalled isotropic model for librational dynamics, in which uncorrelated librational motions take place simultaneously about the nitroxide x-, y-, and z axes, but not with those for uniaxial libration (5) . Fig. 2 shows the temperature dependence of the W-relaxation rate for 5-SASL and 14-SASL in Na,Kmembranes (top panel) and in bilayers of the extracted lipids (middle panel). The W-relaxation rate is calculated from the maximum intensity ratios (W L and W H ) in the low-and high-field regions, respectively (see Erilov et al. the two positions of chain labeling (5-SASL and 14-SASL), whereas in the lipid bilayers they are very different. In particular, the relaxation rate increases more rapidly at lower temperatures for 14-SASL than for 5-SASL, and then flattens off before increasing again in the region of greatest increase for 5-SASL.
RESULTS
ED EPR spectra
By using Eq. 3 in combination with Eq. 2, it is possible to determine the W-relaxation rates for the lipids at the protein interface. Data from lipid bilayers are combined with those from native membranes to give the values in the bottom panel of Fig. 2 . The value of f b ¼ 0.43 for ionized stearic acid at pH 9, which is needed to make this correction, is obtained from conventional CW EPR studies of lipid-protein interactions (10). This pH is well above the pK a of membrane-bound stearic acid (25, 26) .
Librational dynamics
As already stated, the W-relaxation rate is determined by the product of the mean-square torsional amplitude ha 2 i, and the librational correlation time, t c (5). Fig. 3 shows the temperature dependence of the librational amplitude-correlation time product, ha 2 it c , for 5-SASL and 14-SASL at the protein-lipid interface and in the lipid bilayer regions of Na,K-ATPase membranes. These values are obtained from the measurements of W L that are given in Fig. 2 , by using FIGURE 1 Echo-detected spectra of spinlabeled stearic acid (n-SASL) as a function of echo delay time, t, in native Na,K-ATPase membranes from Squalus acanthias (left column) and in bilayers of the extracted membrane lipids (right column), at pH 9 and T ¼ 180 K. The spectral line heights (ED) decrease with increasing t, which has the values: 168, 297, 424, and 527 ns. The position, n, of spin-labeling in the fatty acid chain of n-SASL is indicated on the figure. Total scan width ¼ 10 mT.
Biophysical Journal 108(12) 2825-2832 conversion factors relating ha 2 it c to W L of 1.41 and 1.05 Â 10 17 rad À2 s À2 , for 5-SASL and 14-SASL, respectively. This calibration was established previously for phosphatidylcholine spin-labeled in the sn-2 chain by using spectral simulations with the isotropic librational model (5, 27) . Unlike the situation in the bilayer regions of the membrane, the librational amplitude-correlation time product for lipids that interface directly with the intramembrane sector of the protein is very similar at the top (5-SASL) and bottom (14-SASL) of the chain.
Hyperfine splittings and librational amplitudes
The upper panel of Fig. 4 shows the temperature dependences of the outer hyperfine splitting, 2hA zz i, for the CW-EPR spectra from 5-SASL and 14-SASL in native Na,K-ATPase membranes and in bilayers of the extracted lipids. Initially, at low temperatures, the effective hyperfine splittings are approximately constant. Under these conditions, the hyperfine splittings correspond to their rigid-limit values, 2A zz , which depend mostly on the polarity of the spin-label environment (see, e.g., Marsh (28) and Kurad et al. (29) ). This is comparable in membranes and lipid bilayers, at both positions of chain labeling.
Above 230À240 K, the values of 2hA zz i decrease steeply with increasing temperature, as a result of progressive motional narrowing by rapid, small-amplitude torsional librations (30) . For 14-SASL, toward the methyl end of the chain, the decrease of 2hA zz i in this dynamic regime is greater for bilayers than it is for membranes. However, for 5-SASL, further up the chain, the two are similar. In both environments, the decrease at any given temperature is greater for 14-SASL than for 5-SASL, just as for the W-relaxation parameter (see Fig. 2 for comparison) .
The lower panel of Fig. 4 shows the temperature dependence of the mean-square amplitude, ha 2 i, of the librational motion at the two positions of chain labeling for n-SASL in Na,K-ATPase membranes and bilayers of the extracted lipids. These values are derived from the motionally averaged hyperfine splittings, according to Bartucci et al. (27) and Van et al. (30) , a
where the angular brackets indicate a motionally averaged hyperfine tensor (of principal elements A xx , A yy , and A zz ). The temperature dependences parallel (inversely) those of the motionally averaged hyperfine splittings in the upper for 5-SASL, and 12 and 16 for 14-SASL in membranes and lipids, respectively. This justifies the small-amplitude approximation that is used in Eq. 4 (30) . are combined with the amplitude (i.e., ha 2 i) measurements that are given in Fig. 4 to obtain these values for t c . Evaluations are possible only at temperatures of 200 K and higher, for which ha 2 i is nonzero. It is not feasible to correct the values of ha 2 i from membranes in the way that was done for the W-relaxation rate, because determination of the former relies on spectral splittings, not on intensities. For this reason it was assumed that values of hA zz i from the unresolved overlapping components in the membrane spectra were a suitable approximation to obtain ha 2 i for the lipid-protein interface. Consequently, these latter values are an upper estimate. The librational correlation times are longer at the 5-position of the lipid chain than at the 14-position, both in the bilayer regions of the membrane and at the protein interface. Data at 200 K, and for 14-SASL, suggest that lipid librational motions are slowed down somewhat by interaction with the protein. Beyond 200 K, the error bars become too large. These uncertainties arise because echo intensities are progressively weaker at the higher temperatures (see Fig. 3 ).
Librational correlation times
Transmembrane profile
The upper panel of Fig. 6 shows the dependence on spinlabel position, n, in the fatty acid chain of the W-relaxation rates for fully ionized n-SASL in membranes and in bilayers of the extracted lipids at 180 K. Reference to Fig. 2 shows that at this temperature the difference between 5-SASL and 14-SASL is largest. Both W L -and W H -rates exhibit consistent profiles, with a much more marked positional dependence for the extracted lipids than for the membranes. The ED-spectra from the lipids are used to correct those of the membranes, according to Eq. 3, to give the ED-spectra of the lipid/protein interface, as was done for the bottom panel of Fig. 2 . The lower panel shows the resulting values of the amplitude-correlation time product, ha 2 it c , for the chain librations at the lipid/protein interface and in the bilayer regions of the membranes. These values are deduced from the W-relaxation rates as was described for Fig. 3 . The profile in lipid bilayers shows an approximately constant amplitude-correlation time product up to C-9 of the chain, followed by a pronounced increase from C-10 onwards to the terminal methyl. This transbilayer profile resembles that found previously for phospholipid membranes containing 50 mol % of cholesterol (5) . The values of ha 2 it c for the chains at the lipid/protein interface, on the other hand, are lower than those in the bilayer regions, and show no pronounced trend with position, although local inhomogeneities cannot be excluded.
DISCUSSION
Conventional, continuous-wave EPR of natural and reconstituted membranes, including the Na,K-ATPase, shows that the lipids at the interface with integral membrane proteins are restricted in mobility on the nanosecond timescale, relative to those in fluid lipid bilayers (3, 11, 31) . On a longer timescale, lipids at the protein interface exchange with fluid bilayer lipids, having residence times that depend on affinity for the protein and lie in the microsecond range (32) (33) (34) . Typical turnover times for the overall and partial reactions of the Na,K-ATPase are much longer than this (18, 35) . Consequently, the lipid-protein interface can be considered to be at exchange equilibrium during the enzymatic cycle, and it is the dynamic configuration of the interfacial lipids that modulates function. Here, we have concentrated on the librational motions of the spin-labeled lipid chains that can be studied by spin-echo EPR. The profile of the amplitude-correlation time product, ha 2 it c , at the protein interface differs considerably from that in bilayer membranes of the lipids alone (see Fig. 6 ).
In contrast to the lipid bilayer, where the librational amplitude-correlation time product is larger toward the end of the chain, with a transition in the region of C10-C12 (see also Erilov et al. (5)), the profile is essentially flat for lipid chains at the protein interface. Here, ha 2 it c remains at a relatively low level, comparable to that at the top of the chain in the bilayer lipids. Separating ha 2 it c into its amplitude and correlation time components reveals that differences in the transmembrane profile are attributable mostly to a larger amplitude toward the chain methyl ends in the bilayer. In the Na,K-ATPase membrane, ha 2 i is similar at the 5-and 14-C positions, whereas the angular amplitude is higher in the lipid bilayers and greater at the 14-C position than at the 5-position of the chain. The librational correlation time at the 14-C position is longer at the interface than in the bilayer, but comparable in both environments at the 5-position, where it is considerably longer than at the 14-position.
Librational motions of the Na,K-ATPase protein were characterized previously by using spin-labels covalently attached to cysteine residues (13) . We can compare the librational fluctuations of the lipids with those of the protein by means of the temperature dependence of the W-relaxation rate and the librationally averaged outer hyperfine splitting, 2hA zz i. As seen from Figs. 2 and 4, these differ considerably between the bilayer lipids and lipids at the protein interface. Comparison with data from the spin-labeled protein (see Fig. 7 ) shows that the temperature dependence of the W-rates for interfacial lipids corresponds closely with that for spinlabeled -SH groups, but not with that for the bilayer lipids. Also, the onset of librational averaging of hA zz i occurs at a lower temperature for the bilayer lipids than for the lipid-protein interface and the protein-attached spin-labels (see Fig. 7 ).
Librational motions of lipids at the protein interface are coupled both to those of the protein and to those of the bilayer lipids. They provide a channel for dynamic communication between the two. Possibly, protein librations are slaved to those of the membrane environment via the interfacial lipids, as suggested previously for solvent-mediated interactions with soluble proteins (36, 37) . Interestingly, the solvent-dependent temperature profiles of the W-parameter for spin-labeled aqueous hemoglobin (38) differ qualitatively from those of the lipid-embedded Na,KATPase, which also differ somewhat from spin-labeled aqueous serum albumin (21) . Such librational motions in the Na,K-ATPase could drive transitions between the different conformational substates that are frozen at lower temperatures but contribute to pathways between the principal enzymatic intermediates at higher temperatures (13) .
